1. Introduction {#sec1}
===============

Multidrug-resistant bacterial infections have become risks to global health \[[@bib1]\]. *Serratia marcescens* (*S. marcescens*) is a Gram-negative bacillus and an important nosocomial pathogen that causes various infections \[[@bib2]\]. Gaining insights into the physicochemical and structure of the cells, especially the membrane pores, may help with understanding the pathogenesis of *S. marcescens.* The atomic force microscope (AFM) \[[@bib3]\] has recently attracted the interests of cell and membrane biologists \[[@bib4]\]. This new approach could provide topological information on the images of both cell surface and membrane structures at a significantly higher resolution than the optical microscope in aqueous medium \[[@bib5]\]. Traditional optical microscopes are limited by diffraction owing to the nature of light wave. In contrast, AFM can achieve molecular and atomic resolution on many materials \[[@bib6], [@bib7], [@bib8], [@bib9]\]. In addition, three-dimensional information can be extracted directly from AFM topographic and phase images.

Several classes of membrane pores have been discovered in prokaryotic cells \[[@bib10]\]. Rem *et al.* discovered the pore-forming subunits of a sodium channel \[[@bib11]\]. Armstrong *et al.* reported an ionotropic glutamate receptor \[[@bib12]\]. Several groups measured the cell membrane electro-physiologically, and described classes of voltage-gated, inward rectifier and calcium-activated potassium channels \[[@bib13], [@bib14], [@bib15]\]. ClC-type chloride channels \[[@bib16], [@bib17], [@bib18]\] have also been observed. Although various prokaryotic membrane channels were described in the literatures, relatively little is known about their spatial arrangements and three-dimensional topographies. Membrane channels have been reported to be in the mesoscopic scale of 1--100 nm (10--1000 Ǻ) \[[@bib19], [@bib20]\]. In this work, we demonstrated that AFM can be employed to investigate the ultra structure of each single membrane pore of intact *S. marcescens* CH-1 cell, which is currently inaccessible by conventional microscopic. By using AFM, we better defined the structural arrangement of transmembrane structures on integral membranes than on isolated membrane. This work provides a feasible approach to investigate the relationship of three-dimensional membrane pore structures and functions on living prokaryotic cells.

2. Materials and method {#sec2}
=======================

2.1. Cell preparation {#sec2.1}
---------------------

Stock cultures of *S. marcescens* CH-1 were maintained at -80 °C. *S. marcescens* CH-1 used in this work was grown to mid-log phase in Terrific Broth (Difco Laboratories; 10 mL) at 37 °C for 7 hours in the presence of 50 *μ*g/mL kanamycin A. Bacterial concentrations were determined by measuring the absorbance of the culture at 600 nm (0.1 × O.D.~600~ = 10^8^ cells/mL) in a spectrophotometer (Jasco V-550 UV-VIS spectrophotometer). The final bacterial concentration is approximately (5--9) × 10^9^ cells/mL. Before the experiment, the bacteria culture was centrifuged at 2050 × *g* (4510 rpm) for 5 min at 4 °C. The wet pellet was then re-suspended in distilled water, and recentrifuged (2x) to remove the growth medium. Final pellet was suspended in PBS solution. A drop of 0.01 % (wt/vol) poly-L-lysine hydrobromide solution (a positively charged compound), was added on to the mica and incubated for 30 min followed by washing with Milli-Q water before the introduction of the specimens. After washing once with PBS, the *S. marcescens* CH-1 cells were then placed in contact with the mica that had been coated with poly-L-lysine hydrobromide. *S. marcescens* CH-1 cells were attached to the mica through electrostatic interactions (physical adsorption).

2.2. Atomic force microscopy and scanning electron microscopy analysis {#sec2.2}
----------------------------------------------------------------------

AFM experiments were carried out with a Smena B™ AFM (NT-MDT, Moscow) in tapping mode. Light tapping was used, which involved maintaining a high amplitude set point relative to the free amplitude of the cantilever. We used silicon cantilevers Ultrasharp™ NSG11 (MikroMasch, Estonia) with a spring constant of 0.06 N/m. The oscillation amplitude was 50--100 nm with set point ratio of 0.9. Images were collected in a narrow range of frequencies (120--130 kHz). In general, we began by scanning an area of 10 μm × 10 μm that covered several bacteria cells. Image size was later reduced to isolate individual cells. To avoid the image alteration by the tip artifacts, such as hysteresis, we scanned the cells in x and y directions several times before capturing an image. Three to six high-quality images were captured from each preparation, and one image among these was selected for three-dimensional presentation. Tips were replaced frequently, or when there was any indication of artifacts present in the images.

For scanning electron microscopy (SEM), *S. marcescens* CH-1 cells were fixed with 2.5% glutaraldehyde. Samples were then critical-point dried with CO~2~ and coated with gold (S150 sputter coater). Cells were observed with an SEM (Hitachi S-3500N) operating at an accelerating voltage of 20 kV.

2.3. Data analysis {#sec2.3}
------------------

After images were recorded, an offline section analysis was performed on each image in order to gain information on sample topography. A line was drawn across the image, and the topography of the sample as a function of distance was displayed. The height traces were performed to provide more information on each membrane pore (conducted according to the manufacturer\'s software program). The difference between maximum and minimal values of the z coordinate on the surface within the area (height drop) was defined as "valley to peak" value (R~max~): $R_{\text{max}} = z_{\text{max}} - z_{\text{min}}$. The average value of the z coordinate on the sample surface was defined as "mean height" value (R~mean~): $R_{mean} = Z_{mean} = \frac{1}{N_{x}N_{y}}\sum\limits_{i = 1}^{N_{x}}{\sum\limits_{j = 1}^{N_{y}}Z_{ij}}$, $z = z_{ij} - R_{mean}$, where N represents the sample number. The mean height is the sum of the sampled values divided by the number of items in the sample. The average value of the surface roughness within the area being analyzed is defined as "surface roughness" value (R~a~): $R_{a} = \frac{1}{N_{x}N_{y}}\sum\limits_{i = 1}^{N_{x}}{\sum\limits_{j = 1}^{N_{y}}\left| {z\left( {i,j} \right) - z_{mean}} \right|}$, $Z_{mean} = \frac{1}{N_{x}N_{y}}\sum\limits_{i = 1}^{N_{x}}{\sum\limits_{j = 1}^{N_{y}}Z_{ij}}$, in which each reference point was compared with the mean Z value, and the sum of the values was divided by the number of items. The surface "root-mean-square" value (R~q~) was calculated as the standard deviation of z coordinate on the sample surface within the area: $\ R_{q} = \sqrt{\frac{1}{N_{x}N_{y}}\sum\limits_{i = 1}^{N_{x}}\sum\limits_{j = 1}^{N_{y}}\left( {z\left( {i,j} \right) - z_{mean}} \right)^{2}}$, where the value is the square root of the arithmetic mean of the squares of the values.

3. Results {#sec3}
==========

3.1. The topological information of the surface and membrane structure of *S. marcescens* CH-1 cells {#sec3.1}
----------------------------------------------------------------------------------------------------

The detailed surface topography of *S. marcescens* CH-1 was studied using AFM and SEM ([Fig. 1](#fig1){ref-type="fig"}). [Fig. 1](#fig1){ref-type="fig"}A shows the images of the *S. marcescens* CH-1 cells captured by scanning electronic microscopy. SEM images demonstrate that the cells were in rod shape with lateral dimensions of about 0.5 and 2 microns. [Fig. 1](#fig1){ref-type="fig"}B shows the AFM topographic image of *S. marcescens* CH-1 cells that were attached to poly-L-lysine-coated mica through physical adsorption. [Fig. 1](#fig1){ref-type="fig"}C represents one single rod-shaped cell that was acquired by zooming into the boxed area in [Fig. 1](#fig1){ref-type="fig"}B. The quantitative measurement of the dimensions of the cells revealed that the length and width of CH-1 were 2028 nm and 798 nm, respectively. The findings were similar to the ones that were obtained by thin-section electronic microscopy \[[@bib21]\]. We measured over thirty of cells, and found the root means square (RMS) values of *S. marcescens* CH-1 were of 1996 ± 68 nm in length and 804 ± 47 nm in width. Although some variations existed in the exact sizes of surface features, the traces were reproducible. We then reduced area of interest size and zoomed into specific areas to scan individual cell surface (boxed areas in [Fig. 1](#fig1){ref-type="fig"}C and D). Exemplary AFM image ([Fig. 1](#fig1){ref-type="fig"}E) showed that many protrusions-like mountain ranges and hills existed on the surface of cell. Height trace of the line in [Fig. 1](#fig1){ref-type="fig"}E is shown in [Fig. 1](#fig1){ref-type="fig"}F; the corresponding cursor profile revealed the presence of an individual membrane pore.Fig. 1(A) An SEM image of the *S. marcescens* CH-1 cells. (B--E) Three-dimensional AFM topographic images of the *S. marcescens* CH-1 cells adsorbed on poly-L-lysine-coated mica. The AFM scanning areas are 10 × 10 (B), 3 × 3 (C), 1.5 × 1.5 (D), and 0.5 × 0.5 (E) *μ*m^2^ for the low- and higher-resolution images, respectively. Images acquired by zooming into the boxed areas of Fig. 1B, C and D are displayed in Fig. 1C, D and E, respectively. The higher-resolution image (E) shows that many protrusions like mountain ranges and hills exist on the surface and (F) the corresponding cursor profile reveals the presence of an individual membrane pore.Fig. 1

3.2. Ultrastructure of CH-1-*Pore A* {#sec3.2}
------------------------------------

To investigate the detailed surface topography of the membrane pore, higher-resolution two- ([Fig. 2](#fig2){ref-type="fig"}A) and three-dimensional ([Fig. 2](#fig2){ref-type="fig"}B) images were obtained by zooming into the boxed area in [Fig. 1](#fig1){ref-type="fig"}E (scanning area 200 × 200 nm^2^). [Fig. 2](#fig2){ref-type="fig"}C shows the contour view of the three-dimensional image ([Fig. 2](#fig2){ref-type="fig"}B). [Fig. 2](#fig2){ref-type="fig"}D illustrates the side view from within the membrane with the extracellular region above and the intracellular region below. These high-resolution images revealed the presence of a funnel-like membrane pore with distinguishable surface protrusions that surrounded the pore ([Fig. 2](#fig2){ref-type="fig"}B and C). Height trace of the lines in [Fig. 2](#fig2){ref-type="fig"}C is shown in [Fig. 2](#fig2){ref-type="fig"}E, F, G and H. The doughnut-shaped structure appears to be composed of six to eight membrane-spanning subunits and a single funnel-like pore (CH-1-*Pore A*) with a lateral diameter of 56.0 × 65.6 nm with 13.4--21.7 nm above the membrane plane ([Fig. 2](#fig2){ref-type="fig"}E, F, G, H). These results resembled the AFM image of the membrane pores of isolated nuclei from Jurkat and FL5 cells \[[@bib22]\]. The funnel-like profile of the opening of the pore ([Fig. 2](#fig2){ref-type="fig"}H) shows that the pore had a wide vestibule that was more constricted towards the lipid bilayer.Fig. 2Exemplary imaging of the first type of membrane pore CH-1-*Pore A* observed with AFM. (A) and (B) Two- and three-dimensional top view of an individual pore in the outer membrane of *S. Maccensis* from the extracellular side. (C) A contour view of Fig. 2B. (D) View from within the membrane with the extracellular region above and the intracellular region below. (E--H) (depicted from red lines in Fig. 2C). Profiles of the internal canal indicating the measurable inner diameters. The doughnut-like structure displayed in Fig. 2B is segmented into six to eight subunits. The blue dot line indicates the approximately surface height (R~mean~ = 9.95 nM) of the outer membrane.Fig. 2

3.3. Ultrastructure of CH-1-*Pore B* {#sec3.3}
------------------------------------

We then examined over 30 of *S. marcescens* CH-1 cells in detail to obtain more information of the membrane pores. Although we noted some variations exist in the dimensions of these cells, we observed the presence of two more different types of outer membrane pores on intact *S. marcescens* CH-1 cells\' surfaces. [Fig. 3](#fig3){ref-type="fig"}A shows the exemplary image of the second type of membrane pore (CH-1-*Pore B*) that presented on the outer membrane. A contour view of [Fig. 3](#fig3){ref-type="fig"}A is displayed in [Fig. 3](#fig3){ref-type="fig"}B. Height trace of the lines in [Fig. 3](#fig3){ref-type="fig"}B revealed the profile of the pore ([Fig. 3](#fig3){ref-type="fig"}C, D, E). The finding demonstrated that the doughnut-shaped structure appeared to be composed of four membrane-spanning subunits and a single funnel-like pore. The lateral dimensions of this type of pore were 57.5 × 70.2 nm that raised 4.1--10.2 nm above the membrane plane.Fig. 3Exemplary imaging of the second type of membrane pore CH-1-*Pore B*. (A) Three-dimensional top view of an individual pore in the outer membrane of *S. Maccensis* from the extracellular side. (B) A contour view of B. (C--E) (red lines in B) Profiles of the internal canal indicating the measurable inner diameters. The doughnut-like structure is apparently segmented into four subunits. The blue dot line indicates the approximately surface height (R~mean~ = 4.72 nM) of the outer membrane.Fig. 3

3.4. Ultrastructure of CH-1-*Pore C* {#sec3.4}
------------------------------------

A third type of membrane pore (CH-1-*Pore C*) was also observed. [Fig. 4](#fig4){ref-type="fig"}A shows the exemplary image of an individual pore that was observed on the outer membrane. [Fig. 4](#fig4){ref-type="fig"}B displays the contour view of [Fig. 4](#fig4){ref-type="fig"}A, which shows inverted teepee-shaped structure segmented into two membrane-spanning subunits straddling a single funnel-like pore. AFM analysis demonstrated that pore diameter was 77.9 × 128.3 nm and the pore raised 9.0--12.8 nm above the membrane plane ([Fig. 4](#fig4){ref-type="fig"}C, D, height trace of the lines in [Fig. 4](#fig4){ref-type="fig"}B).Fig. 4Exemplary AFM imaging of the third type of membrane pore CH-1-*Pore C*. (A) Three-dimensional top view of an individual pore in the outer membrane of *S. Maccensis* from the extracellular side. (B) A contour view of B. (C--D) (see red lines in B) Profiles of the internal canal indicating the measurable inner diameters. The inverted teepee-shaped structure is apparently segmented into two subunits. The blue dot line indicates the approximately surface height (R~mean~ = 6.23 nM) of the outer membrane.Fig. 4

3.5. Analysis of different pores {#sec3.5}
--------------------------------

The surface topographies of three different types of membrane pores that were depicted in [Fig. 2](#fig2){ref-type="fig"} (CH-1-*Pore A*), 3 (CH-1-*Pore B*) and 4 (CH-1-*Pore C*) were then systematically studied. Over six of each type of membrane pores were examined. The surface traces were reproducible for each type of membrane pore, despite some variations in the pore diameter and height of transmembrane subunit at each membrane pore.

[Table 1](#tbl1){ref-type="table"} lists surface properties of the three types of membrane pores: CH-1-*Pore A*, CH-1-*Pore B*, and CH-1-*Pore C* that were observed on the *S. marcescens* CH-1 cell in this study. We found that CH-1-*Pore A* had the highest mean height (R~mean~) among the three (8.65 ± 1.92 nm), with the longest peak-to-peak distance (R~max~) of 19.79 ± 2.88 nm, and a surface roughness (R~a~) of 1.79 ± 0.32 nm. CH-1-*Pore B* had R~mean~ of 4.72 ± 0.65 nm, R~max~ of 9.20 ± 1.78 nm, and R~a~ of 0.99 ± 0.11 nm. CH-1-*Pore C* had R~mean~ of 6.22 ± 0.83 nm, R~max~ of 11.75 ± 1.03 nm, and R~a~ of 0.98 ± 0.17 nm. In addition, CH-1-*Pore A* was found to have six to eight transmembrane subunits; while CH-1-*Pore B* and CH-1-*Pore C* were found to have four and two transmembrane subunits surrounding a central pore, respectively.Table 1The topographic properties of three different types of membrane pores displayed in [Fig. 2](#fig2){ref-type="fig"} (CH-1-*Pore A*), [Fig. 3](#fig3){ref-type="fig"} (CH-1-*Pore B*) and [Fig. 4](#fig4){ref-type="fig"} (CH-1-*Pore C*).Table 1CH-1-*Pore A*CH-1-*Pore B*CH-1-*Pore C*Example[Fig. 2](#fig2){ref-type="fig"}[Fig. 3](#fig3){ref-type="fig"}[Fig. 4](#fig4){ref-type="fig"}Peak-to-peak distance (nm)19.79 ± 2.889.20 ± 1.7811.75 ± 1.03Roughness (nm)1.79 ± 0.320.99 ± 0.110.98 ± 0.17Mean height (nm)8.65 ± 1.424.72 ± 0.656.22 ± 0.83Root-mean-square (nm)2.32 ± 0.221.28 ± 0.211.42 ± 0.28Pore diameter (nm)(54.03 ± 3.79) × (66.62 ± 4.72)(56.14 ± 3.05) × (69.26 ± 4.71)(78.50 ± 5.79) × (120.37 ± 10.48)transmembrane subunitsix -- eightfourtwoHeight of transmembrane subunit (nm)(13.41 ± 2.79) -- (19.79 ± 2.88)(3.92 ± 0.59) -- (11.16 ± 1.59)(8.52 ± 0.89) -- (12.97 ± 0.59)

4. Discussion {#sec4}
=============

In this study, we revealed the first time the surface structure of intact *S. marcescens* CH-1 cells. We showed that AFM is a valuable tool to provide surface information on integral prokaryotic bacteria. By probing the surface of individual *S. marcescens* CH-1 cell with AFM, we discriminated three different types of transmembrane pores. These pores were then visualized and measured, and the surface topographic profile of each pore was depicted. Three types of membrane pores were categorized: CH-1-*Pore A*, CH-1-*Pore B* and CH-1-*Pore C*. We found that the surface structures of CH-1-*Pore B* and CH-1-*Pore C* were smoother than that of CH-1-*Pore A* ([Table 1](#tbl1){ref-type="table"}). CH-1-*Pore C* had the largest pore opening among the three. Mean height of CH-1-*Pore A* was larger than the ones of CH-1-*Pore B* and CH-1-*Pore C*.

*S. marcescens* is a Gram-negative bacillus bacterium whose cell envelope consists of inner membrane (IM, or cytoplasmic membrane) and outer membrane (OM) \[[@bib23]\]. These two layers form barriers to translocation of substances. Therefore, transport of substances into or out of the cell requires selective proteins \[[@bib24]\]. These membrane proteins are critical to secreting proteins such as toxins and proteases, which is driven by inner membrane ATP-binding cassette (ABC) transporter. Membrane proteins are also central to discharging antibiotics, heavy metals and dyes, which occurs via inner proton antiporter \[[@bib25]\]. Transports of the substances that occurs across the outer membrane are usually through diffusion following an ion concentration gradient. Active transport across the OM is possible by interacting with energized proteins of the IM.

The OM of *S. marcescens* is formed by lipid bilayer, which consists of proteins, phospholipids, and lipopolysaccharide \[[@bib2]\]. In our study, high-resolution images of the AFM showed that each type of pore has distinguished spatial arrangement of transmembrane subunits (protrusions). These protrusions might be constructed of lipopolysaccharides and proteins, such as porin proteins, specific channel-forming proteins and high-affinity receptors located on the outer membrane of *S. marcescens* CH-1 \[[@bib26],[@bib27]\]. Using the AFM technique to analyze the membrane pore of *S. marcescens* cells, we observed that CH-1-*Pore A* had six to eight integral membrane subunits, which coincides with the voltage-gated potassium channel with six to eight integral membrane subunits arranged like the staves of a barrel around a central ion conduction pore \[[@bib28], [@bib29], [@bib30], [@bib31]\]. This is also likely to be part of efflux pump such as the ABC transporter that was found on *Serratia marcescens* \[[@bib32]\]. In addition, we found that the structural arrangement of CH-1-*Pore B* (four-subunit one-pore doughnut-shaped) is in agreement with that of a prokaryotic voltage-gated potassium \[[@bib15], [@bib33]\] or canonical voltage-gated sodium channel \[[@bib11]\] which has four subunits constituting a doughnut-shaped structure including the central hole. The four transmembrane structures of CH-1-*Pore B* were also possible to be part of small multidrug resistance efflux pumps that is composed of four transmembrane domains that span the cell membrane \[[@bib34]\]. Finally, the two-subunit one-pore (inverted teepee-shaped) structure of CH-1-*Pore C* was similar to that of a prokaryotic inwardly rectifying potassium channel \[[@bib35], [@bib36], [@bib37]\] which has been shown to contain two transmembrane segments and a pore loop in between.

In the AFM analysis, the topographic images of the cell were gathered by scanning the surfaces with mechanical probe (cantilever). The cantilever was brought into proximity of the surfaces, and was bended by the forces between the tip and sample surface. Therefore, AFM allows direct measurements of the pore dimensions \[[@bib38]\]. Atomic resolution is achievable in AFM when measuring physically hard samples. However, the maximum resolution is in the order of 5 nm in the lateral and 0.5 nm in the vertical direction when measuring the softer biological samples \[[@bib38], [@bib39]\]. In this study, the diameter of the doughnut-like structure was possibly overestimated to a certain (as yet unknown) extent because of these technical reasons (AFM tip convolution). Moreover, the minimal diameter of the channel may be underestimated due to the intrinsic diameter of the tip. Consequently, the pore may exhibit a funnel-like profile with the narrower internal canal than measured. In addition to the artifacts caused by AFM tip and cantilever, preparation process can also contributed to the measured roughness. For example, samples might be dehydrated during the measurement that caused wrinkles on cell surfaces. The washing and re-suspend process might also introduced impurity on the samples.

In conclusion, this study represents the first direct characterization of the surface ultrastructure of the membrane pores of *Serratia marcescens* CH-1 cells at the nanometer scale and offers new prospects for mapping membrane pores of intact prokaryotic cells. We have obtained AFM images of three types of membrane pores of intact *S. marcescens* cells under physiological conditions and have shown some differences in surface structures. Topographic information of membrane pores obtained in this work will provide additional information to electrophysiological or X-ray structural data. Future experiments will focus on the specific recognitions of various membrane pores and the import and export processes that involve. These experiments will include but not limited to the use of atomic force microscopy combined with other variance of microscopies that provide high resolution and additional information. Examples of these microscopies include total internal refraction fluorescent microscopy, confocal microscopy, and scanning/transmitting electron microscopy. The knowledge of the structure will hopefully help the understanding of the export and import of substrates such as proteins and drugs, which might benefit the comprehension of drug resistance and the development of vaccine.
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